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ABSTRACT 
Experiments were undertaken to elicit the perceived effects of head-position-dependent variations in the interaural 
cross-correlation coefficient of a range of signals. A graphical elicitation experiment showed that the variations in 
the IACC strongly affected the perceived width and depth of the reverberant environment, as well as the perceived 
width and distance of the sound source. A verbal experiment gave similar results, and also indicated that the head-
position-dependent IACC variations caused changes in the perceived spaciousness and envelopment of the stimuli. 
 
1. INTRODUCTION 
Over recent years, a number of objective hearing 
models have been developed that attempt to analyse the 
spatial performance of audio systems in a manner that 
relates to how sound is perceived by humans [1-3]. In 
other words, these models predict the attributes of a 
sound in a way that is meaningful to human listeners, 
using scales and categories that are similar to those 
which a listener would use to describe the sound, as 
opposed to more conventional objective measurements 
which quantify physical or electrical properties on 
relatively unintuitive scales. A number of these models 
have been developed for spatial impression, including 
those that predict the perceived location and width of a 
sound source (such as a musical instrument or a person 
speaking), and the perceived width of a reverberant 
environment (i.e. the sound of the room in which the 
sound source is placed). Now that accurate models have 
been created, it is necessary to develop practical and 
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perceptually relevant methods with which to apply 
them.   
 
It is known that humans benefit a great deal in auditory 
spatial perception from being able to move their heads, 
and much research has been undertaken to determine the 
role of head movement in localisation of the 
components of an auditory scene [4]. It has been shown 
that head movement can help to determine the perceived 
location of a sound more accurately and can allow 
resolution of confusions of whether the sound source is 
in front or behind [5]. However, little research has been 
undertaken into the effect of head movement on the 
perception of other spatial attributes, such as the width 
and envelopment of sound sources and reverberation 
which are closely related to the interaural cross-
correlation coefficient (IACC) of the soundfield [6]. 
 
Previous research has determined methods to capture 
binaural (two-ear) data in a manner representative of the 
head movements made by listeners [7,8]. However, as 
noted by Farina & Ayalon [9], when measurements are 
made in a range of head positions, research is required 
to determine how to interpret them. Therefore, in order 
to enable a meaningful analysis of such measurements, 
in terms of the spatial attributes mentioned above, it is 
essential to investigate the perceived effect of variations 
in the IACC as the head is moved.   
 
In view of this, two experiments were conducted to 
investigate the perceived effects of variations in IACC 
as the head is rotated. In Section 2, the experimental 
method is described, including justification for the 
combination of techniques used. Section 3 describes an 
initial experiment which employed stimuli with simple 
variations in IACC, followed by a second experiment in 
Section 4 which used variations derived from a range of 
loudspeaker-based reproduction systems. The results 
from these experiments are discussed, and conclusions 
drawn regarding appropriate methods to interpret 
measurements of IACC incorporating head movement. 
2. EXPERIMENT METHOD 
The purpose of the experiments was to elicit the 
perceived spatial impression of a number of auditory 
stimuli whose head-position-dependent IACC values 
varied in different patterns. Experience from previous 
research [10] and experimentation [11-13,6] has 
indicated that both verbal and non-verbal methods are 
useful for eliciting the spatial attributes of auditory 
stimuli. Each of these types of elicitation has its own 
inherent advantages and disadvantages, and it is 
apparent that responses are more forthcoming using the 
medium in which they are easiest to describe. Also, by 
using a variety of elicitation methods there will be an 
increased redundancy in the information elicited, and by 
not relying on one method of communication the risk of 
misinterpretation is reduced. 
 
The elicitation methods used for this experiment had to 
allow a number of specific spatial attributes to be 
described. Firstly, communication of the positions and 
dimensions (including distance and depth) of any scene 
components. Secondly, as the stimuli consisted of a 
single source in reverberation, it was important to be 
able to elicit the attributes of the perceived source and 
perceived reverberant environment separately.  
 
A sketch map technique was deemed most suitable for 
eliciting these spatial attributes, as this technique 
enables the viewing of responses already given which 
can be used as a reference for additional responses. It is 
also intuitive to use, allows the depiction of multiple 
components within a scene (such as one or more sources 
and a reverberant environment) and can be used to 
communicate perceived distance and depth. 
 
In addition to the graphical elicitation, the experiments 
elicited relative verbal descriptors from the subjects. 
The use of a paired comparison enables subjects to 
discriminate between the stimuli more easily than a 
single judgement procedure [14]. In addition, as verbal 
language is principally made up of comparative binary 
terms such as above / below and in front / behind [15], it 
is simpler to describe differences between stimuli than 
to describe each stimulus independently.  
 
For the reasons outlined above, there were two stages to 
each experiment. The first was an absolute descriptor 
experiment using a non-verbal graphical sketch-map 
technique, and the second was a relative descriptor 
experiment that made use of a verbal elicitation method 
similar to the elicitation stage of the Repertory Grid 
technique [16]. 
2.1. Sketch-map elicitation method 
For the graphical method, the subjects were asked to 
sketch the spatial attributes of the sound on a plan view. 
This was carried out using coloured pencils and paper in 
order to make the sketching technique as natural as 
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possible for the subject. Each response sheet depicted a 
number of landmarks as a guide to its scale; these 
included the table and computer monitor located in front 
of the subject, a representation of the subjects’ head, 
and outstretched elbow and fingertip distances. 
 
In order to minimise any bias from the experimenter, the 
subjects were given complete freedom in how to depict 
their perception of the stimuli, though they were asked 
to concentrate primarily on the spatial attributes of the 
sounds. They were also asked to separately indicate the 
spatial properties of the perceived source and the 
perceived reverberation by using different colours for 
their depictions. 
 
Playback of the stimuli was controlled using custom 
listening test software which displayed a play button for 
each of the stimuli. The subjects were free to switch 
between the stimuli as often as they required.  
 
As the experiment was an expert elicitation exercise, 
only seven carefully selected subjects were used. They 
were selected for their knowledge and experience in 
audio engineering and for their critical listening skills. 
They were either postgraduates or staff in the Institute 
of Sound Recording at the University of Surrey. Only 
experienced subjects were used because they are more 
familiar with analysing the attributes of auditory stimuli 
and are therefore likely to be more consistent and 
sensitive than inexperienced subjects.  
2.2. Verbal elicitation method 
The second stage of each experiment involved a relative 
verbal elicitation method based on the Repertory Grid 
technique. For this, all the stimuli were presented to the 
subjects in pairs and the subjects were asked to respond 
with pairs of terms that described the differences 
between the two stimuli in a form that would fit the 
following sentences: 
x ‘The source / reverberation of A is 
____________________ compared to B’ 
x ‘The source / reverberation of B is 
____________________ compared to A’ 
 
The subjects were specifically asked to give both of 
these terms (i.e. both antonyms) for each perceived 
attribute. This was because the same word could be used 
to describe two slightly different concepts, and the 
presence of the antonym may help to differentiate these. 
The subjects were also asked to identify whether it was 
the perceived source or perceived reverberation they 
were referring to by deleting the other option. 
 
If the subjects perceived a difference that could not be 
described in this way, they were asked to write the 
difference in the centre of the page. 
 
The subjects were not limited in what they could write, 
and were not specifically asked to give spatial attributes. 
They were prompted with a strategy to complete the 
task of initially considering the whole stimulus, and 
then concentrating on any scene components or 
acoustical environment that they perceived.  
 
Each of a number of anechoic source recordings was 
processed in a number of ways to create the set of 
experiment stimuli. The stimuli were presented to the 
subjects in pairs, with a different random order for each 
subject. Each of the processing conditions was 
compared with each other for each source signal (so 
different source signals were not compared). The 
subjects were free to switch between each stimulus in 
the presented pair as often as they required and could 
choose when to move onto the next pair of stimuli. 
 
The subjects in this part of the experiment were the 
same seven selected listeners as used in the previous 
section of the experiment.  
3. EXPERIMENT 1 – SIMPLE VARIATIONS IN 
IACC 
The first experiment made use of simple head-position-
dependent variations in IACC. These were deliberately 
chosen to give large variations in IACC with a range of 
stimulus conditions in order to maximise any perceived 
effect. 
3.1. Experiment stimuli 
The stimuli were reproduced over headphones to the 
listeners, and a head tracker was attached to the band of 
the headphones so that the parameters of the signals 
could be manipulated depending on the azimuth of the 
head of the listener. The stimuli needed to include 
controlled variations in the IACC that were dependent 
on the head position, and with a range of types of head-
position-dependent IACC variation so that the perceived 
effect could be evaluated 
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It was decided that the stimuli would consist of a single 
sound source and an associated reverberant decay. The 
use of a relatively simple stimulus, whilst potentially 
less externally valid, meant that the task was simpler 
and less confusing for the listeners.  
The sound sources used were anechoic recordings taken 
from the CD of recordings made for the Archimedes 
project that is documented in [17]. Four sound sources 
with different temporal and spectral characteristics were 
chosen for use: a bongo pattern; a cello phrase; a guitar 
phrase; and a few sentences of English male speech. 
The source recordings were between 10 and 20 seconds 
in duration and were continuously looped.  
The sound sources were intended to be reproduced from 
directly in front of the listener when facing forward. In 
order that the stimulus remained in this position when 
the head was turned, the interaural time difference 
(ITD) of this signal was manipulated based on the 
azimuth of the head using the following equation: 
 
 
 [18] 
where r is the radius of the head (set to 8.5cm), ș is the 
angle of incidence away from the median plane (in 
radians), and c is the speed of sound in air (set to 
340m/s). 
The reverberation was generated by convolving each 
sound source with two exponentially decaying 
uncorrelated white noise signals with effective RT60s of 
1.1 seconds. By altering the amount of each reverb 
channel sent to each of the output channels feeding the 
headphones, the IACC could be varied from 1 to a much 
lower value1.  
Four conditions of head-position-dependent IACC were 
used in the experiment, as follows: 
x high IACC at all positions 
x low IACC at all positions 
                                                          
 
1 The instantaneous IACC value that results is 
dependent on the instantaneous relationship between the 
source signal and the reverberation, though the IACC 
measured long-term can be set to any value between 1 
and 0. 
x high IACC when facing forward and low IACC 
when facing the side 
x low IACC when facing forward and high IACC 
when facing the side 
The IACC was manipulated dependent on the azimuth 
of the listeners’ head so that there was a gradual 
transition between these states as the head was moved. 
 
This resulted in 16 stimuli for the experiment: four 
source signals, each with four conditions of IACC 
variation with head movement. 
3.2. Experiment procedure 
The experiment was conducted in an empty edit room 
with good acoustic isolation so as to minimal acoustical 
and visual distractions. In front of the listeners was a 
table containing the response sheets, and a laptop 
computer which they used to control replay of the 
stimuli.  
The spatial parameters of the stimuli were processed in 
real-time in MaxMSP, based on the head position as 
tracked using a Polhemus Patriot, of which the receiver 
was attached to the centre of the band of the 
headphones. The stimuli were reproduced via an RME 
Multiface sound card, and Sennheiser HD600 
headphones. 
The listeners completed the experiment in two sessions 
of approximately one hour, on separate days. Seven 
listeners undertook the experiment, and these were 
selected based on their knowledge and experience in 
audio engineering and for their critical listening skills.  
The listeners were not informed of the processing 
involved nor of the purpose of the listening tests. 
3.3. Analysis of graphical results 
The resulting data from this section of the experiment 
were in the form of sketch maps. Analysis of these 
involved measuring the dimensions of the components 
of the scene (source and reverberation) as depicted by 
each subject and for each stimulus.  
 
The measurements were made with respect to the 
orientation of the page, with measurements made of the 
positions of the left, right, front and back edges, and left 
and right angles, of the depicted source and reverberant 
environment for each sketch map. From these, the width 
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(as distance and subtended angle) and depth (as 
distance) were calculated. 
 
The application of a Kolmogorov-Smirnov test 
indicated that the data were not normally distributed. It 
has been shown that the analysis of variance test is 
robust to the violation of the assumptions of normal 
distribution, as long as the samples are of equal sizes 
[19]. Therefore, the results were entered into a 
multivariate analysis of variance (MANOVA), with the 
measured dimensions of the plots as the dependent 
variables and the source signal and IACC condition as 
fixed factors. The full table of MANOVA results is not 
shown here for concision; the results showed that there 
were statistically significant variations in the size of the 
depictions of the sources and reverberant environments 
caused by the changes in the source signal and IACC 
condition. However, the results also showed that the 
model was a poor match to the actual data. 
 
Research has shown that the results of source distance 
judgements can be very different for individual subjects, 
especially if there is no reference stimulus [20]. As 
discussed in [10], the depicted distance of scene 
components inherently affects the scale of other 
depicted dimensions. For this reason, the results from 
each listener were z-transformed [19] to standardise the 
scale of each listener’s depictions.  
 
The z-transformed data was found to be normally 
distributed, so the MANOVA was repeated, and a much 
better match between the modelled and actual data 
resulted. The results showed that the largest variations 
in the depicted results were caused by changing the 
IACC condition, and this mostly affected the source 
width and distance, and the environment width and 
depth.  
 
An additional MANOVA was undertaken, using the 
source signal and the IACC values when facing forward 
and when facing to the sides as fixed factors. From this, 
it was found that the IACC when facing forward 
affected the depicted width and depth of the sound 
source, and the width of the reverberant environment. In 
addition, it was found that the IACC when facing 
sideways affected the depicted depth of the reverberant 
environment. These results can be seen in Figure 1 to 
Figure 4. 
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Figure 1: Plot of the means and associated 95% 
confidence intervals of the z-transformed 
measurements of the width of the depicted source for 
different IACC values when facing forwards. 
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Figure 2: Plot of the means and associated 95% 
confidence intervals of the z-transformed 
measurements of the distance of the depicted source 
for different IACC values when facing forwards. 
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Figure 3: Plot of the means and associated 95% 
confidence intervals of the z-transformed 
measurements of the width of the depicted 
reverberant environment for different IACC values 
when facing forwards. 
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Figure 4: Plot of the means and associated 95% 
confidence intervals of the z-transformed 
measurements of the depth of the depicted 
reverberant environment for different IACC values 
when facing forwards. 
3.4. Analysis of verbal results 
The resulting data from the relative verbal elicitation 
exercise were pairs of words describing the differences 
between the stimuli. Initially these were converted to a 
form that could be used as end points of scales by 
removing the relative adjectives such as ‘more’ or 
‘less’. These were then analysed using content analysis 
[21] where they were grouped into collections of terms 
with similar meaning and then the number of pairs in 
each category were counted. This categorisation was 
based on the authors’ interpretation of the meaning of 
the pairs of descriptors. 
 
It may be assumed that a subject is most likely to 
describe the most obvious differences between the 
stimuli, and is correspondingly less likely to describe 
less obvious differences. If this is the case, then a large 
number of occurrences of terms in a particular category 
in the data from a number of subjects indicates that the 
underlying subjective effect of that category is more 
clearly perceivable [22]. Therefore the number of 
occurrences of the descriptor pairs in each category as 
shown in the figures is an indication of the importance 
of the underlying subjective attribute or attributes 
related to each category for the stimuli and subjects 
used in the experiment. 
 
The results for the verbal elicitation experiment were 
similar to those from the graphical elicitation 
experiment, in that variations in the IACC when facing 
forward appeared to affect the perceived distance and 
width of the sound source, as shown in Figure 5. 
However, in this case there were fewer reports of the 
changes in the perceived width of the reverberation. 
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Figure 5: Plot of the number of occurrences of words 
in each category that were elicited from comparisons 
with differing IACC when facing forwards. 
 
The results for the variations in the IACC when facing 
sideways (as seen in Figure 6) showed that the main 
changes were in perceived envelopment and 
spaciousness of the reverberation. This is different to 
the results of the graphical elicitation, presumably as it 
is difficult to depict or interpret factors such as 
spaciousness and envelopment from a sketch-map plan. 
3.5. Summary 
The results of the graphical part of the experiment 
showed that the variations in the IACC strongly affected 
the depicted width and depth of the reverberant 
environment, as well as the width and distance of the 
source. It was found that the IACC when the head was 
pointed forwards affected the source width and distance, 
and the width of the reverberant environment, with a 
low IACC causing the width to be greater and the 
distance closer. It was also found that the IACC when 
the head was pointed to the side affected the depth of 
the reverberant environment, with a low IACC causing 
the depth to be greater. 
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Figure 6: Plot of the number of occurrences of words 
in each category that were elicited from comparisons 
with differing IACC when facing sideways. 
 
The results of the verbal part of the experiment were 
similar to those from the graphical part of the 
experiment, but also indicated that there were variations 
in the perceived spaciousness and envelopment of the 
stimuli caused by the different head-position-dependent 
IACC values. 
 
One of the main comments from the listeners after the 
experiment was that they found it difficult to complete 
the tasks because they found the stimuli to be unnatural. 
They observed that the changes in the IACC as the head 
was turned for some of the conditions gave cues that 
were difficult to reconcile as a single reverberant 
environment. Whilst statistically significant results were 
still derived from the experiment, it was decided to 
repeat the experiment using more externally valid 
variations in IACC. 
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4. EXPERIMENT 2 – LOUDSPEAKER-
DERIVED VARIATIONS IN IACC 
As discussed above, the previous experiment produced 
statistically significant results, but the stimuli were 
considered to be unnatural by the listeners which meant 
that they found it difficult to complete the task at times. 
In order to verify the results of the previous experiment, 
and to increase the external validity, a second 
experiment was undertaken using different head-
position-dependent IACC variations. 
It was decided to use various loudspeaker 
configurations as a means of creating a range of suitable 
conditions. A single monophonic loudspeaker 
reproduction should create a high IACC for all head 
positions in an acoustical environment with controlled 
reflections and a relatively low reverberation time. A 
conventional 2-channel stereo loudspeaker arrangement 
should be able to create a low IACC when facing 
forwards but a high IACC when facing sideways, as 
shown in previous studies [23]. A surround sound 
loudspeaker arrangement should be able to create a low 
IACC for a wider range of head positions due to the 
positioning of the loudspeakers around the listener [24]. 
Based on this, an experiment was conducted to examine 
the perceived effect of variations in the head-position-
dependent IACC created by this range of loudspeaker 
configurations. 
4.1. Experiment stimuli 
It would have been possible to conduct the experiment 
in a listening room using the loudspeaker configurations 
mentioned above. However, in this case the physical 
parameters would not be so tightly controlled, and it is 
possible that the results would be influenced by other 
factors such as position-dependent spectral information 
due to the head-related transfer functions from each 
loudspeaker to the ears, and fine temporal factors 
caused by auditioning multiple loudspeakers. Therefore, 
to remove these effects, it was decided to simulate the 
relevant cues over headphones, based on measurements 
of the loudspeaker systems in a listening room. 
In order to manipulate the interaural parameters of the 
stimuli in a manner which resulted in a single sound 
source being perceived in front of the listener and the 
reverberation being as uncorrelated as possible over 
each system, the sound was divided into direct and 
diffuse components. The direct sound component 
consisted of the anechoic recording of each sound 
source, as used in the previous experiment, reproduced 
to be in front of the listener in each loudspeaker array. 
The diffuse sound component consisted of reverberation 
of which each loudspeaker feed should be uncorrelated 
from the others. 
The IACC values were derived from the different 
loudspeaker arrangements as this was the parameter 
under investigation. The ITD and interaural level 
difference (ILD) values were also derived in order to 
appropriately simulate the position of the source signal 
in front of the listener. The ITD, ILD and IACC values 
of each loudspeaker reproduction system were measured 
as follows.  
The loudspeakers for the mono, 2-channel stereo and 
5.0 surround sound systems were set up in the ITU-R 
BS 1116 standard [25] listening room at the University 
of Surrey. A Cortex MK-2 binaural head and torso 
simulator (HATS) was set up at the listening position, 
on an Outline ET2-ST2 rotating table. Pink noise was 
reproduced through the loudspeakers under test, and this 
was captured by the HATS at 2.5° intervals around the 
full 360° of azimuth rotation.  
To create measurements of the direct sound condition, 
the pink noise was reproduced from a position directly 
in front of the listening position, using either the single 
centre speaker for mono or 5.0 surround sound, or 
panned centrally between the loudspeakers for 2-
channel stereo. To create measurements of the diffuse 
sound condition, uncorrelated pink noise was 
reproduced in each loudspeaker (one loudspeaker for 
mono, two loudspeakers for 2-channel stereo and five 
loudspeakers for 5.0 surround sound). 
Once the binaural signals had been captured, the ITD, 
ILD and IACC were measured in octave bands (with 
frequencies centred on 63, 125, 250, 500, 1000, 2000, 
4000 and 8000 Hz) at each rotation position and for 
each signal. These results were then smoothed before 
curve fitting was undertaken to derive 6th order 
polynomials to map angle to measured value for each 
set of results.  
The plots of the smoothed results are shown in Figure 7 
to Figure 21. As the results were approximately 
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symmetrical about the median plane, only one half of 
the results are shown, with the frequency bands shown 
on alternate sides.  
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Figure 7: Plot of the IACC by receiver azimuth angle 
measured in octave frequency bands for the single 
mono loudspeaker, with the radius indicating values 
between 0 (centre) and 1 (outside edge). 
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Figure 8: Plot of the ILD by receiver azimuth angle 
measured in octave frequency bands for the single 
mono loudspeaker, with the radius indicating values 
between 0dB (centre) and 15dB (outside edge). 
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Figure 9: Plot of the ITD by receiver azimuth angle 
measured in octave frequency bands for the single 
mono loudspeaker, with the radius indicating values 
between 0ms (centre) and 0.8ms (outside edge). 
 
30
210
60
240
90270
120
300
150
330
180
0
IACC by angle for correlated signal
 
 
63 Hz
250 Hz
1000 Hz
4000 Hz
125 Hz
500 Hz
2000 Hz
8000 Hz
 
Figure 10: Plot of the IACC by receiver azimuth 
angle measured in octave frequency bands for the 2-
channel stereo loudspeaker arrangement, for the 
correlated direct sound condition, with the radius 
indicating values between 0 (centre) and 1 (outside 
edge). 
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Figure 11: Plot of the ILD by receiver azimuth angle 
measured in octave frequency bands for the 2-
channel stereo loudspeaker arrangement, for the 
correlated direct sound condition, with the radius 
indicating values between 0dB (centre) and 10dB 
(outside edge). 
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Figure 12: Plot of the ITD by receiver azimuth angle 
measured in octave frequency bands for the 2-
channel stereo loudspeaker arrangement, for the 
correlated direct sound condition, with the radius 
indicating values between 0ms (centre) and 0.8ms 
(outside edge). 
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Figure 13: Plot of the IACC by receiver azimuth 
angle measured in octave frequency bands for the 2-
channel stereo loudspeaker arrangement, for the 
uncorrelated diffuse sound condition, with the radius 
indicating values between 0 (centre) and 1 (outside 
edge). 
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Figure 14: Plot of the ILD by receiver azimuth angle 
measured in octave frequency bands for the 2-
channel stereo loudspeaker arrangement, for the 
uncorrelated diffuse sound condition, with the radius 
indicating values between 0dB (centre) and 10dB 
(outside edge). 
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Figure 15: Plot of the ITD by receiver azimuth angle 
measured in octave frequency bands for the 2-
channel stereo loudspeaker arrangement, for the 
uncorrelated diffuse sound condition, with the radius 
indicating values between 0ms (centre) and 0.8ms 
(outside edge). 
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Figure 16: Plot of the IACC by receiver azimuth 
angle measured in octave frequency bands for the 
centre loudspeaker of the 5.0 surround sound 
arrangement (direct sound condition) , with the 
radius indicating values between 0 (centre) and 1 
(outside edge). 
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Figure 17: Plot of the ILD by receiver azimuth angle 
measured in octave frequency bands for the centre 
loudspeaker of the 5.0 surround sound arrangement 
(direct sound condition) , with the radius indicating 
values between 0dB (centre) and 15dB (outside 
edge). 
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Figure 18: Plot of the ITD by receiver azimuth angle 
measured in octave frequency bands for the centre 
loudspeaker of the 5.0 surround sound arrangement 
(direct sound condition) , with the radius indicating 
values between 0ms (centre) and 0.8ms (outside 
edge). 
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Figure 19: Plot of the IACC by receiver azimuth 
angle measured in octave frequency bands for the 
5.0 surround sound arrangement, for the 
uncorrelated diffuse sound condition, with the radius 
indicating values between 0 (centre) and 1 (outside 
edge). 
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Figure 20: Plot of the ILD by receiver azimuth angle 
measured in octave frequency bands for the 5.0 
surround sound arrangement, for the uncorrelated 
diffuse sound condition, with the radius indicating 
values between 0dB (centre) and 6dB (outside edge). 
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Figure 21: Plot of the ITD by receiver azimuth angle 
measured in octave frequency bands for the 5.0 
surround sound arrangement, for the uncorrelated 
diffuse sound condition, with the radius indicating 
values between 0ms (centre) and 0.8ms (outside 
edge). 
 
As can be seen, the IACC values are consistently high 
in most frequency bands for the monophonic 
loudspeaker arrangement. For the 2-channel stereo 
loudspeaker arrangement, the IACC for the diffuse 
sound condition is lower when facing forward or 
backward and higher when facing sideways, especially 
in the mid frequency bands. For the 5.0 surround sound 
loudspeaker arrangement, the IACC for the diffuse 
sound condition is consistently low at all angles, 
especially in the mid frequency bands. This matches the 
predictions above. 
 
The resulting polynomials were used to drive the 
parameters of the spatial synthesis engine based on the 
azimuth of the listener’s head. The ITD and ILD were 
varied by changing the interchannel delay and levels of 
the stimuli respectively. In order to vary the IACC, 
uncorrelated 2-channel versions of the source signals 
and reverberation were required. The anechoic 
recordings used in the previous experiment were 
processed using a method similar to that described by 
Kendall [26] to create a 2-channel version which was 
uncorrelated between the channels. The reverberation 
was created using the same method as the previous 
experiment which resulted in a 2-channel uncorrelated 
signal. The IACC could then be varied by altering the 
amount of each source or reverb channel sent to each of 
the output channels feeding the headphones.  
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The processing was carried out separately on the direct 
(source signal) and diffuse (reverberation) components, 
and separately in each octave band, before being 
combined for reproduction over headphones. 
 
An informal pilot experiment showed that this method 
of creating the stimuli was effective in creating a 
relatively natural sounding result, with perceivable 
differences between the spatial attributes of the different 
simulated loudspeaker arrangements. 
 
This resulted in 12 stimuli for use in the experiment: 
four source signals (bongos, cello, guitar and speech) 
for each of three loudspeaker-derived IACC conditions 
(mono, stereo and surround). 
4.2. Experiment procedure 
The experiment procedure was identical to that of the 
previous experiment; the details are summarised below. 
The experiment was conducted in an empty edit room 
with good acoustic isolation so as to minimal acoustical 
and visual distractions. In front of the listeners was a 
table containing the response sheets, and a laptop 
computer which they used to control replay of the 
stimuli.  
The spatial parameters of the stimuli were processed in 
real-time in MaxMSP, based on the head position as 
tracked using a Polhemus Patriot, of which the receiver 
was attached to the centre of the band of the 
headphones. The stimuli were reproduced via an RME 
Multiface sound card, and Sennheiser HD600 
headphones. 
The listeners completed the experiment in two sessions 
of approximately one hour, on separate days. Seven 
listeners undertook the experiment, and these were 
selected based on their knowledge and experience in 
audio engineering and for their critical listening skills.  
The listeners were not informed of the processing 
involved, nor of the purpose of the listening tests. 
4.3. Analysis of graphical results 
The resulting data from this section of the experiment 
was in the form of sketch maps. Analysis of these 
involved measuring the dimensions of the components 
of the scene (source and reverberation) as depicted by 
each subject and for each stimulus.  
 
Similar measurements were made of the depictions as 
for the previous experiment: the positions of the left, 
right, front and back edges, and left and right angles, of 
the depicted source and reverberant environment for 
each sketch map. From these, the width (as distance and 
subtended angle) and depth (as distance) were 
calculated. 
 
As for the previous experiment, the data was found to 
have a non-normal distribution, and the use of the 
multivariate analysis of variance (MANOVA) indicated 
that the model was a poor match to the actual data. 
Therefore, the data for each listener were scaled using a 
z-transformation and the analysis repeated. 
 
The z-transformed data were found to be normally 
distributed, so the MANOVA was repeated, and a much 
better match between the modelled and actual data 
resulted. In this case, the z-transformed versions of the 
measurements and calculations from the depictions were 
entered as the dependent variables, and the source signal 
and IACC condition were entered as the fixed factors.  
 
As before, the results of the MANOVA are not shown 
for concision, but it was found that the largest effect (as 
determined by the partial eta squared value) was caused 
by the changes in the IACC condition, with statistically 
significant variations in the width and distance of the 
depicted source, and the width and depth of the depicted 
reverberant environment. 
 
The means and associated 95% confidence intervals for 
some of these results are shown in Figure 22 to Figure 
25. It can be seen that source width increases as the 
IACC condition changes from mono, to stereo, then to 
surround. The source distance follows an inverse 
relationship, though the difference between stereo and 
surround is not statistically significant. 
 
Statistically significant changes can also be seen in the 
results for the width and depth of the depicted 
reverberant environments. Both of these follow the 
trend of increasing as the IACC condition is changed 
from mono, to stereo, then to surround. However, it is 
interesting to note that the stereo condition is closer to 
the surround condition for width, and closer to the mono 
condition for depth. 
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Figure 22: Plot of the means and associated 95% 
confidence intervals of the z-transformed 
measurements of the width of the depicted source for 
the different IACC conditions. 
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Figure 23: Plot of the means and associated 95% 
confidence intervals of the z-transformed 
measurements of the distance of the depicted source 
for the different IACC conditions. 
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Figure 24: Plot of the means and associated 95% 
confidence intervals of the z-transformed 
measurements of the width of the depicted 
reverberant environment for the different IACC 
conditions. 
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Figure 25: Plot of the means and associated 95% 
confidence intervals of the z-transformed 
measurements of the depth of the depicted 
reverberant environment for the different IACC 
conditions. 
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In order to investigate the relationship between the 
IACC value and the depicted results in more detail, an 
additional MANOVA was undertaken, using the source 
signal and approximations of the IACC values when 
facing forward and when facing to the sides as fixed 
factors. For this, the IACC values were approximated 
based on the measured results in the mid frequency 
bands shown in Section 3.1, as follows. 
 
Condition IACC when 
facing forwards 
IACC when 
facing sideways 
Mono High High 
Stereo Low High 
Surround Low Low 
 
The results of this analysis were similar to the previous 
experiment, in that the changes in IACC when facing 
forward affected the width and distance of the depicted 
sound source, and the width of the depicted reverberant 
environment, and the changes in IACC when facing 
sideways affected the depth of the depicted reverberant 
environment. 
4.4. Analysis of verbal results 
As for the previous experiment, the resulting data from 
the relative elicitation exercise were pairs of words 
describing the differences between the stimuli. These 
were converted to a form that could be used as end 
points of scales by removing the relative adjectives 
before being subjected to content analysis. 
 
The results for the comparisons undertaken are shown in 
Figure 26 to Figure 28. It is apparent that: for the 
comparison between mono and stereo, the main reported 
differences were in terms of source width and distance; 
for the comparison between mono and surround, the 
main reported differences were in terms of source width 
and distance, and reverberation envelopment, 
spaciousness, width and depth; and for the comparison 
between stereo and surround, the main reported 
differences were in terms of reverberation envelopment, 
spaciousness and depth. 
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Figure 26: Plot of the number of occurrences of 
words in each category that were elicited from 
comparisons between the IACC conditions 
mimicking monophonic and 2-channel stereo 
reproduction. 
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Figure 27: Plot of the number of occurrences of 
words in each category that were elicited from 
comparisons between the IACC conditions 
mimicking monophonic and 5.0 surround sound 
reproduction. 
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Figure 28: Plot of the number of occurrences of 
words in each category that were elicited from 
comparisons between the IACC conditions 
mimicking monophonic and 5.0 surround sound 
reproduction. 
 
The results can be compared with both the graphical 
results for this experiment and the results for the 
previous experiment by examining Figure 26 and Figure 
28, as these differ mainly in terms of IACC when the 
head is pointing forwards or when the head is pointing 
sideways, respectively.  
 
From these, it is apparent that the results are similar to 
the previous experiment, in that changes in IACC when 
the head is facing forwards affect the perceived width 
and distance of the source, and the changes in IACC 
when the head is facing sideways affect the perceived 
envelopment, spaciousness and depth of the 
reverberation. 
4.5. Verification of simulation method 
Once the listeners had completed the elicitation stages 
of the experiment, they were informed of the processing 
that had been used and that it was based on 
measurements of different reproduction systems. They 
were then presented with all the stimuli used in the 
experiment with the IACC condition denoted by a 
randomised letter. They were asked to identify which 
letter corresponded to each IACC condition (i.e. which 
was a simulation of a monophonic reproduction, which 
was a simulation of a 2-channel stereo reproduction and 
which was a simulation of a 5.0 surround sound 
reproduction).  
All of the listeners managed to correctly identify the 
IACC conditions, which indicates that the method used 
to measure and synthesise the parameters of the stimuli 
produced a recognisable result. In addition, the listeners 
considered the resulting stimuli to be relatively natural, 
with only one listener reporting problems of a lack of 
externalisation. 
4.6. Summary 
The results of the graphical part of the experiment 
showed that the variations in the IACC conditions 
affected the width and distance of the depicted source, 
and the width and depth of the depicted reverberant 
environment. When analysed in terms of the IACC 
differences for certain head orientations, it was found 
that the changes in IACC when facing forward affected 
the width and distance of the depicted sound source, and 
the width of the depicted reverberant environment, and 
the changes in IACC when facing sideways affected the 
depth of the depicted reverberant environment. 
 
The results for the verbal part of the experiment were 
similar to those from the graphical part of the 
experiment, with the main differences being that there 
were changes reported in the spaciousness and 
envelopment of the reverberation of the stimuli. 
5. DISCUSSION AND CONCLUSIONS 
Two experiments were conducted to investigate the 
perceived effect of variations in the IACC depending on 
the azimuthal movement of the listener’s head. The first 
experiment introduced simple variations in the IACC, 
and the second used IACC values derived from various 
loudspeaker arrangements. 
The experiments involved two elicitation stages. Firstly, 
a graphical elicitation method where the listeners were 
asked to draw the perceived spatial attributes of the 
sound source and acoustical environment on a plan 
view. Secondly, a verbal elicitation method where the 
listeners were asked to describe in words the differences 
between pairs of stimuli. 
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Despite using different stimuli and different elicitation 
methods, the results were relatively consistent. In all the 
experiment stages, the following was found. Variations 
in the IACC when the listener was facing forwards 
caused perceived changes to the width and distance of 
the sound source and the width of the reverberant 
environment. Variations in the IACC when the listener 
was facing sideways caused perceived changes to the 
depth of the reverberant environment. In addition, the 
verbal elicitation tasks showed that variations in the 
IACC when the listener was facing sideways caused 
perceived changes to the envelopment and spaciousness 
of the reverberation.  
From these results, it seems that in situations where a 
given scene component is perceived to be wrapped 
around the listener (i.e. with a low ITD and ILD that is 
relatively constant with head movement), the IACC at a 
given azimuth relates to the perceived extent of the 
scene component in the lateral plane. That is, the IACC 
relates to the perceived width of the related scene 
component with respect to the head in whichever 
direction it is oriented. If this is the case, and based on 
the assumption that the perceived and actual widths of 
an acoustical environment are similar, it should be 
possible to perceive the shape of an acoustical 
environment by careful audition. Further research is 
needed to determine whether this is the case. 
The relationships between the physical properties of the 
audio signals and the attributes of spaciousness and 
envelopment are likely to be more complex. To take the 
dictionary definition of spaciousness – “(of a room or 
building) having plenty of space” [27] – then it is likely 
that spaciousness results from a wide perceived room in 
all directions. This would then equate to a low IACC for 
the reverberation in all directions. However, a method to 
predict the degree of spaciousness and whether any 
particular direction is more pertinent requires further 
research. Envelopment appears to be a function of both 
the perceived width and the perceived location of the 
scene component. Again, taking the dictionary 
definition – “to wrap up, cover, or surround completely” 
[27] – it is possible that the mean ITD and ILD need to 
be low for all head positions so that the scene 
component is not perceived to be distant from the head, 
and the IACC needs to be low for all head positions so 
that the sound is perceived to be externalized. However, 
further research is required to test this hypothesis and to 
derive the relationship between the physical factors and 
envelopment in order to develop a predictive model. 
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